Abstract: Knowledge of how the immune system recognizes and attempts to control cancer growth and development has improved dramatically. The advent of immunotherapies for cancer has resulted in robust clinical responses and confirmed that the immune system can significantly inhibit tumor progression. Until recently, metastatic melanoma was a disease with limited treatment options and a poor prognosis. CD137 (also known as 4-1BB) a member of the tumor necrosis factor (TNF) receptor superfamily, is an activation-induced T cell costimulator molecule. Growing evidence indicates that anti-CD137 monoclonal antibodies possess strong antitumor properties, the result of their powerful capability to activate CD8+ T cells, to produce interferon (IFN)-γ, and to induce cytolytic markers. Combination therapy of anti-CD137 with other anticancer agents, such as radiation, has robust tumor-regressing abilities against nonimmunogenic or poorly immunogenic tumors. Of importance, targeting CD137 eliminates established tumors, and the fact that anti-CD137 therapy acts in concert with other anticancer agents and/or radiation therapy to eradicate nonimmunogenic and weakly immunogenic tumors is an additional benefit. Currently, BMS-663513, a humanized anti-CD137 antibody, is in clinical trials in patients with solid tumors, including melanoma, renal carcinoma, ovarian cancer, and B-cell malignancies. In this review, we discuss the basis of the therapeutic potential of targeting CD137 in cancer treatment, focusing in particular, on BMS-663513 as an immune costimulatory monoclonal antibody for melanoma immunotherapy.
Introduction
Melanoma is a malignant tumor of the melanocytes that leads to 48,000 deaths annually worldwide. 1 Melanoma is less common than other skin cancers; however, it is much more dangerous if it is not found early. It is the most common cancer in young adults aged 20 to 30 years old and the leading cause of cancer death in women aged 25 to 30 years old. Although the mortality rates of early stage melanoma are generally low, stage IV metastatic disease predicts poor disease outcome, with less than 10% survival rate at 5 years from diagnosis. 2 Depending on the stage of the disease, treatments for melanoma include surgical removal of the tumor and draining of lymph nodes as well as the amputation of affected body parts. If melanoma is found early, while it is still small and thin, and if it is completely removed, then the chance of cure is high. The likelihood of the melanoma coming back or spreading depends on how deeply it has extended into the layers of the skin. For melanomas that come back or spread, treatments include chemo-and immunotherapy or radiation therapy. Chemotherapy and radiation therapy are generally not as effective in melanoma as in other types of cancer. In contrast, treatments targeted at improving immunity, such as high dose interleukin (IL)-2, anti-cytotoxic T-lymphocyte-associated antigen-4 (anti-CTLA-4) antibodies, and interferon (IFN)-α are efficacious, at least in selected subsets of melanoma patients, indicating a prominent role for the immune system in the control of melanoma. 3−5 The rationale of immunotherapy for melanoma stemmed from the fact that sampling and the study of lymphocytes infiltrating tumors was facilitated by their relatively high percentage in melanoma compared with other cancers, suggesting the existence of a local antitumor immune response. 6 These tumor-infiltrating lymphocytes (TILs) were expanded in culture with recombinant IL-2 and displayed cytolytic activity against autologous melanoma cells in vitro. 7 The presence of CD4+ and CD8+ T cells among the TILs was found to positively correlate with favorable disease outcome, further demonstrating an important role for T cells in antitumor immunity. 5 Since these findings, a broad spectrum of immunotherapies has been developed to boost protective T cell responses against melanoma (eg, high-dose IL-2 and type I IFN) or to unleash endogenous responses to tumor cells (eg, anti-CTLA-4 and anti-Programmed death 1 (PD-1) monoclonal antibodies).
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Immunotherapy of melanoma
Cancer immunotherapy uses the immune system to reject cancer. The main mechanism is the stimulation of the patient's immune system to attack the malignant tumor cells that are responsible for the disease. This can be accomplished either through immunization of the patient (eg, by administering a cancer vaccine, such as Dendreon's Provenge ® [Dendreon Corp, Seattle, WA, USA]), in which case the patient's own immune system is trained to recognize tumor cells as targets to be destroyed, or through the administration of therapeutic antibodies, in which case the patient's immune system can be modulated through the administration of therapeutic antibodies, such as anti-CD137. 10−12 Over the years, many immunotherapeutic approaches have been investigated in patients with melanoma, with varying clinical success. Generally, the immunotherapeutic approaches used in the treatment of melanoma may fall into the categories of specific or nonspecific therapies (Table 1) . Specific therapies use defined antigen sources; whereas in nonspecific therapies, the antigen source is defined by the host. 5, 6 Cytokines, for example, are nonspecific, active agents that induce T cell activation and proliferation. High-dose IL-2 has been shown to induce durable responses in a minority of patients with metastatic melanoma and was approved by the Food and Drug Administration for the treatment of patients with this disease in 1998. 7 Adoptive cell therapy with TILs is an example of a specific adoptive approach to therapy that has proven to be an effective treatment of metastatic melanoma patients. Adoptive cell therapy involves the identification and ex vivo growth of antitumor lymphocytes, which are then infused into the cancer patient. 5 Adoptive cell therapy has been shown to result in the durable complete regression of bulky metastatic melanoma in patients who were refractory to approved treatments. 4 Despite promising clinical results, however, the extensive effort, cost, and time required to generate individual TIL cultures limit the use of adoptive cell therapy to only a few institutions. 3, 6, 13 Another specific active approach of treatment is the use of monoclonal antibodies that target T cells. Ipilimumab and tremelimumab, for example, are monoclonal antibodies against CTLA-4 that augment T cell activation and proliferation to enhance the immune response against tumors. In two recent Phase III trials, ipilimumab significantly improved overall survival in pretreated and previously untreated patients, with hazard ratios for death of 0.68 for the group receiving ipilimumab plus the synthetic peptide cancer vaccine gp100 compared with the group receiving gp100 alone (P , 0.001), of 0.66 for the group of pretreated patients receiving ipilimumab alone compared with those receiving gp100 alone (P = 0.003), and of 0.72 for the group of previously untreated patients receiving ipilimumab plus dacarbazine compared with those receiving dacarbazine alone (P , 0.001). 3, 5, 7, 13 Based on the results in pretreated The PD-1/PD-L1 pathway is a negative regulator of T cell proliferation and cytokine production; therefore, the blockade of PD-L1/PD-1 increases T cell activation and the elimination of tumor cells. Moreover, several CD137 agonists show great potential for application to immunotherapy for melanoma.
14 For example, BMS-663513, a fully humanized monoclonal antibody against CD137, has completed Phase I and II trials investigating its anticancer properties in patients with melanoma. Although immunotherapy holds much promise for the treatment of melanoma, it is important to note that it can be associated with novel mechanism-based toxic effects. Finding a balance between the effectiveness of immunotherapies and the incidence of immune-related adverse events is therefore an important consideration in the field of immunotherapy for melanoma.
Immunotherapy with immune costimulatory anti-CD137
CD137, also known as an inducible T cell surface molecule, is a 30 kDa glycoprotein of the tumor necrosis factor (TNF) receptor superfamily. Its alternative names are TNF receptor superfamily member 9 (TNFRSF9), and 4-1BB, and it is induced by lymphocyte activation. It is mainly expressed on activated CD4+ and CD8+ T cells, activated B cells, and natural killer (NK) cells but can also be found on resting monocytes and dendritic cells. As a costimulatory molecule, CD137 is involved in the activation and survival of CD4+, CD8+, and NK cells. Its engagement with anti-CD137 monoclonal antibody enhances the expansion of T cells and activates them to secrete cytokines. 15−17 The biological effects of anti-CD137 on CD4+ and CD8+ T cells, by targeting CD137, are illustrated in Figure 1 .
The best characterized activity of CD137 is its costimulatory activity for activated T cells. Crosslinking of CD137 enhances T cell proliferation, IL-2 secretion, survival, and cytolytic activity. Further, it can enhance immune activity to eliminate tumors in mice. 18−20 The importance of the CD137 pathway has been underscored in a number of diseases, including cancer. Growing evidence indicates that anti-CD137 monoclonal antibodies possess strong antitumor properties. 20 The first comprehensive evidence that anti-CD137 antibodies have strong antitumor effects came to light through studies of the action of monoclonal antibodies against the CD137+ T cell-activation molecule in eradicating established tumors. 21 Administration, in mice bearing the tumors of poorly immunogenic Ag104A sarcoma and highly tumorigenic P815 mastocytoma, with anti-CD137 was shown to significantly inhibit tumor growth by increasing cytotoxic T lymphocyte activity. 21 In the years that followed, studies substantiated the antitumor effects of CD137 signaling and extended our understanding of how the CD137 signal suppresses tumor development. The first important observation was that the administration of anti-CD137 caused the loss of humoral activity against T cell−dependent antigens, indicating that anti-CD137 monoclonal antibodies may effectively suppress T cell−dependent humoral immunity. 22 This observation led to the testing of and the realization that anti-CD137 monoclonal antibodies could suppress and reverse the development of autoimmune diseases, such as experimental autoimmune encephalomyelitis, systemic lupus erythematosus, and collagen-induced arthritis. 20 In addition, the administration of human anti-CD137 monoclonal antibody to suppress human xenografts in severe combined immunodeficient mice was found to result in significant inhibition of tumor growth. 23 Anti-CD137 treatment of mice that had received MCA205 sarcoma or GL261 glioma cells 3 days previously was shown to prolong survival and cause regression of the tumors. These effects were dependent on T cells, because anti-CD137 failed to suppress tumor growth in mice depleted of CD4+ and/or CD8+ T cells and promoted tumor growth in severe combined immunodeficient mice. 24, 25 When treated with anti-CD137 monoclonal antibody, substantial tumor eradication, delayed tumor progression, and prolonged survival were achieved in RAG2−/− mice that 
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Li and Liu were given P1A-expressing J558 cells and P1A-specific CD8+ T cells. 26 Treatment of tumor-bearing mice with immune costimulatory anti-CD137 has been found to significantly reduce the tumor burden. Cell-depletion studies 27 have shown that the antitumor effects of anti-CD137 depend on CD8+ T cells and not on CD4+ T cells or NK cells. Further analysis revealed that this tumor regression was correlated with increased numbers of lymphocytes in the mice spleens and tumordraining lymph nodes, and increased numbers of apoptotic cells and TILs. Furthermore, mice that received this combination therapy rapidly rejected tumors when rechallenged, suggesting that long-lasting tumor antigen-specific memory had been established. 27−29 Moreover, anti-CD137 was found on endothelial tumor cells, and its expression was upregulated upon activation. 29 Exposure of tumor endothelial cells to anti-CD137 monoclonal antibodies upregulated intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), and E-selectin. 29 Upon adoptive transfer into RAG1−/− mice and after treatment with immune costimulatory anti-CD137 monoclonal antibody, the donor T cells displayed enhanced migration into tumor tissue. 29 Inhibition studies using anti-ICAM-1 and anti-VCAM-1 antibodies showed that the stimulation of ICAM-1 and VCAM-1 expression on tumor endothelial cells by anti-CD137 was responsible for the enhanced T cell migration into malignant tissue. 29 These observations suggest that the in vivo anticancer effects of anti-CD137 monoclonal antibodies encompass both T and non-T cells. Adoptive T cell therapy of cancers involves expanding TILs ex vivo in the presence of IL-2 and reinfusing them into tumor-bearing hosts. 30 One of the challenges facing adoptive T cell therapy is the activation-induced cell death of the TILs and loss of key accessory molecules due to the ex vivo culture conditions. This can lead to reduced in vivo persistence after adoptive transfer. 30 Hernandez-Chacon et al observed that ex vivo expansion of TILs resulted in the loss of CD27 and CD28 expression but gain of CD137 expression and, to a lesser extent, CD134/OX40. 31 The stimulation of these cells with agonistic anti-CD137 monoclonal antibodies significantly inhibited their activation-induced cell death, enhanced their cell division, and increased their cytolytic activity against melanoma cells. 31 Similarly, stimulation of human CD3+ CD56+ NK cells with anti-CD137 increased their cytolytic activity, as shown by their ability to lyse A549 tumor cells. 32 Cytokine-induced killer cells, generated in vitro by stimulation with anti-CD3/IL-2/IFN-γ, are potent anticancer agents. 33, 34 When a group of severe combined immunodeficient mice were engrafted with A549 tumor cells and received, in addition, anti-CD137 and cytokineinduced killer cells, their mortality rate was reduced. 32 Further analysis revealed the increased expression of IFN-γ, IL-2, and TNF-α, and decreased expression of transforming growth factor (TGF)-β, IL-4, and IL-10 in CD3+ CD56+ cells taken from the treated mice. 32 Taken together, these findings underline the important role of CD137 signaling in tumor development and the therapeutic potential of anti-CD137 monoclonal antibodies in cancer therapy. 35 Recently, most studies have focused on two anti-CD137 monoclonal antibodies: BMS-469492, which is an anti−murine CD137 monoclonal antibody; and BMS-663513, which is a fully human immunoglobulin (Ig)G4 monoclonal antibody against human CD137. BMS-469492 was used for studies in murine tumor models, and it does not cross-react with BMS-663513. Both are agonistic monoclonal antibodies and do not block the interaction of CD137 with its natural ligand, CD137L. It is of note that monoclonal antibodies that do block CD137L binding show similar functional antitumor activities when compared with nonblocking monoclonal antibodies. BMS-663513 provides a costimulatory signal to human T cells, causing an increase in IFN-γ production and increasing their survival. In fact, the functional effects of BMS-663513 were demonstrated on human and monkey T cells and peripheral blood mononuclear cells (PBMCs), where IFN-γ production was enhanced compared with controls. 35 The effect of BMS-469492 was studied along with tumor lysate-pulsed dendritic cells (TP-DCs), in the C57BL/6 (B6) murine melanoma model. BMS-469492 or tumor lysate-pulsed dendritic cells alone had no antitumor activity against 3-day established metastases. However, the combination produced significant tumor regression in which CD8+ and CD4+ T cells and NK cells played a role. 36 In addition, anti-CD137 monoclonal antibody was synergistic with other immunostimulatory monoclonal antibodies, 37, 38 adoptive T cell therapy, 26 and conventional chemo-and radiotherapy. 39 As mentioned earlier, the most exciting feature of CD137 immune costimulatory therapy is that it provides strong synergistic effects with many types of therapies, at the preclinical level. Among these are chemotherapy, radiotherapy, adoptive T cell therapy, vaccines, cytokines, and other immunostimulatory monoclonal antibodies. 35 Furthermore, very recent studies have reported that anti-CD137 monoclonal antibodies 29, 31 induced multifocal mononuclear cell infiltrates in the liver of BALB/c and C57BL/6 mice. These infiltrates were composed primarily of CD8+ T cells having diverse T cell receptor (TCR) Vα-β phenotypes. C57BL/6 mice also displayed evidence of dysregulated hematopoiesis in the spleen, lymphocyte trafficking, lymphopenia, thrombocytopenia, and anemia, in an anti-CD137 dose-dependent manner. All of these outcomes were T cell − and anti-CD137-dependent because they did not occur in severe combined immunodeficient, nude, RAG−/− (or rat IgG-deficient), or CD137−/− mice. CD8+ T cells, TNF-γ, type I IFNs, and IFN-γ were essential for the induction of various aspects of pathology. These findings suggest that anti-CD137-induced activation leads to the production of proinflammatory cytokines, and they in turn, induce many, if not all, of the observed abnormalities found in anti-CD137-treated mice. 40 These outcomes have been attributed to enhanced CD8+ T cell survival, induction or suppression of CD4+ T cell help, CD8+ regulatory T cells, T-helper type 1 cytokine production, enhanced CD8+ T cell and NK cell function, or regulation of antigen priming by dendritic cells. 41 While studies in mice have demonstrated most of the mechanisms of anti-CD137 monoclonal antibody activity in vivo, those in monkeys have been important to test their tolerability. BMS-663513 was studied in cynomolgus monkeys that were immunized by intramuscular injections of both prostate-specific antigen (PSA) and simian immunodeficiency virus gag deoxyribonucleic acid (DNA) constructs, followed by BMS-663513. Enzyme-linked immunospot analyses of IFN-γ production by the monkey PBMCs showed a consistent immune response, with an increased number of antigen-specific IFN-γ-secreting cells when BMS-663513 was added to the vaccine. BMS-663513 increased, by 1.7-fold, the quantity of IFN-γ released, suggesting a possible modulation by anti-CD137 monoclonal antibody, augmenting the effectiveness of DNA vaccines.
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Clinical studies with BMS-663513: an immune modulator of anti-CD137 antibody for tumor therapy
The clinical studies using BMS-663513 as an anticancer agent are summarized in Table 2 .
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BMS-663513 is a fully humanized monoclonal antibody agonist of CD137. Stimulation of CD137 enhances the immune response, specifically, an antitumor immune response, by a variety of mechanisms. 43 Phase I and II data presented by Sznol et al focused initially only on melanoma patients (23 patients in Phase I) but expanded to add renal cell carcinoma and ovarian cancer patients (30 enrolled per tumor site in Phase II). 44 The NCT00309023 study was an open-label, ascending, multidose Phase I−II study conducted in subjects with locally advanced or metastatic solid tumors. 42 In the dose-escalation phase of the study, subjects were sequentially assigned to one of six dose cohorts (0.3, 1, 3, 6, 10, or 15 mg/kg) to receive BMS-663513 as a 60-minute intravenous (IV) infusion once every 3 weeks. In the dose-expansion portion of the study, only subjects with melanoma, renal cell carcinoma, or ovarian carcinoma were eligible. Patients stratified by tumor types were randomized to receive one of three doses 
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Li and Liu with fatigue, transaminitis, neutropenia, rash, and diarrhea as the most common adverse events. For 106 of the total 115 patients enrolled, the most frequent grade $2 laboratory abnormalities were increases in alanine aminotransferase (ALT) (15%) and aspartate transaminase (AST) (12%), leukopenia (8%), neutropenia (6%), thrombocytopenia (4%), and hyperbilirubinemia (,1%). This study showed clinical activity that justified further development of BMS-663513, both as a single agent and in combination, across a wide range of doses. Clinical activity represented by partial remissions and sustained stable diseases was observed in the 1, 3, and 10 mg/kg groups. More toxicity was shown at higher doses (.6 mg/kg). Results of biomarkers studies (activated T cell markers, ribonucleic acid [RNA] expression, and serum biomolecules) indicated that BMS-663513 elicited biologic activity with doses as low as 0.3 mg/kg. NCT00309023 42 has provided the rationale for developing a Phase II randomized study in previously treated melanoma patients with stage IV disease (NCT00612664). 45 The main purpose of this study is to estimate the proportion of patients with melanoma who are progression-free, (that is, the cancer has not become substantially worse), when treated with anti-CD137 (BMS-663513) at 0.1 mg/kg, 1 mg/kg, or 5 mg/kg every 3 weeks or 1 mg/kg every 6 weeks. This clinical trial is being conducted on 158 patients enrolled from 32 study locations. Additionally, two Phase I clinical trials of BMS-663513 (NCT01471210 46 and NCT01775631 47 ) are both currently in the recruitment stage.
Conclusion
In conclusion, solid tumors, including melanoma, renal carcinoma, and ovarian cancer, remain deadly diseases, and new therapeutic approaches are needed. Targeted tumor immunotherapy is an exciting field, although in many aspects, it will challenge our common wisdom regarding drug development in oncology. The cellular immune response is tightly modulated to control the ability to generate cytotoxicity and inflammation, and we are just starting to learn how to unleash or stimulate it within a reasonably safe therapeutic window. The understanding of its control offers an opportunity to regulate its intensity. CD137 stands out as one of the promising targets for immune costimulatory monoclonal antibodies, in light of its clinical and preclinical records. BMS-663513, a humanized anti-CD137 monoclonal antibody, is currently in clinical trials in patients with both solid tumors and B-cell malignancies and so far, seems to have a favorable toxicity profile. Preclinical evidence for synergy with conventional and other immunotherapies are abundant, and stepwise combinations should lead the way toward much needed efficacy at the bedside. Novel immunotherapeutic strategies and safe dosing, with tolerable liver toxicity, may hold the key to future successes in the path forward.
